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Anomalous Tilt Preceding the Hollister Earthquake of November 28, 1974 

C. E. MORTENSEN AND M. J. $. JOHNSTON 

U.S. Geological Survey, Menlo Park, California 94025 

The occurrence of a magnitude 5.2 earthquake on November 28, 1974, near Hollister in central 
California, provided an excellent opportunity to test the potential of a prototype tiltmeter array as a 
predictive tool. Tilt perturbations on instruments near the epicenter were evident about 36 days before the 
earthquake and coincided with a magnetic field anomaly reported in a companion paper. The anomalous 
tilts systematically changed with time, reaching values as great as 7 •trad. These data are interpreted in 
terms of a preseismic and postseismic slip mechanism involving interaction between the San Andreas and 
other faults in the region, where slip on one results in a sympathetic slip on others. 

INTRODUCTION 

Evidence that premonitory tilting precedes earthquakes 
within the San Andreas fault system in central California has 
been previously reported [Johnston and Mortensen, 1974; Mor- 
tensen and Johnston, 1975]. These data have been used to test 
various earthquake precursor models [Stuart and Johnston, 
1974] and appear to support best a creep instability model 
whose scale dominates that of the subsequent earthquake. 
With limited data the results obtained so far have been retro- 

spective. A partial test of the data and the model is to demon- 
strate compatibility with simultaneous data from other crustal 
monitoring experiments such as geodetic strain, leveling sur- 
veys, changes in seismic velocity, and changes in the local 
magnetic field. The general paucity of such data for particular 
earthquakes has limited this comparison. 

On Thanksgiving Day, November 28, 1974, at 2301 UT, an 
earthquake of magnitude 5.2 occurred 10 km northwest of 
Hollister, California. The epicenter was located on a southwest 
extension of the Busch fault [Rogers, 1967] between the Cala- 
veras and Sargent faults. Estimates of the focal depth ranged 
between 4 and 7 km; the aftershock zone had vertical and 
horizontal dimensions of 3 and 4 kin, respectively. The focal 
mechanism solution indicated left-lateral slip, possibly with a 
thrust component (W. H. K. Lee, unpublished data, 1975). 

This earthquake is of particular interest because it occurred 
near several prototype arrays of crustal monitoring in- 
struments. Possible precursive tilts were obtained from four 
instruments in an array of 14 shallow borehole tiltmeters. An 
array of magnetometers showed anomalous magnetic behavior 
preceding the earthquake at the stations nearest the epicenter 
[Smith and Johnston, 1976]. Good geodetic strain coverage was 
also obtained for this earthquake [Savage et al., 1976]. 

INSTRUMENT ARRAY 

The array of tiltmeters, pictured in part in Figure 1, was 
designed to search for crustal deformation associated with 
earthquakes of magnitude 2.5 and greater along an 85-kin 
section of the San Andreas fault. The array has been in pro- 
gressive stages of installation and operation since mid-1973 
[Mortensen and Johnston, 1975]. Figure 1 shows the distribu- 
tion of instruments north of Stone Canyon along the San 
Andreas fault in relation to the earthquake epicenter. The 
tiltmeter sites are generally located between I and 4 km from 
the San Andreas fault and are spaced about 6 km apart along 
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the fault. Each tiltmeter is installed in a shallow borehole 

about 3 m deep [Allen et al., 1973] with the exception of the 
Harris tiltmeter, which is located in a borehole in the floor of 
an inactive mine. The instrument resolution, linearitv, and 

range are 10 -8 rad, better than 1% (over recorded range), and 
5 X 10 -8 rad, respectively. 

The magnetometer stations closest to the earthquake are 
also shown in Figure 1 and are located within a few kilometers 
of the Aromas, San Juan Bautista, and Harris tiltmeter sites. 
Details of the magnetometer array and results are discussed in 
a companion paper by Smith and Johnston [1976]. 

The operating tiltmeter closest to the epicenter of the 
Thanksgiving Day earthquake was at the Nutting site, 10.8 km 
to the south. The San Juan Bautista site was 11.2 km south- 

west of the epicenter. Unfortunately, the Sargent tiltmeter, 
10.2 km from the epicenter, was not functioning during the 
months preceding the earthquake. Other sites were all more 
than 15 km from the epicenter. 

RESULTS 

During the months preceding the earthquake, the best rec- 
ords were obtained from the Aromas, San Juan Bautista, 
Nutting, and Harris tiltmeters. The raw N-S and E-W com- 
ponent records from these stations, with electronic adjustment 
rezeros removed, are displayed in Figure 2 along with rainfall 
and temperature records for the period July through Decem- 
ber, 1974. The times of earthquakes with magnitude greater 
than 2.5 are noted by arrows of length proportional to the 
product of source dimension, depth, and inverse distance from 
the epicenter [Mortensen and Johnston, 1975]. Intermittent and 
less reliable data were obtained from the Mount Madonna and 

Tres Pinos instruments. The irregular behavior of the Tres 
Pinos instrument appears related to installation problems. The 
meter is located in a complex region less than • km from the 
Calaveras fault near its junction with the San Andreas fault. 
The Mount Madonna site is probably unstable because of 
nearby steep topography. 

The general character of the tilt records during aSeismic 
times is a smooth systematic (secular) tilt trend. A per- 
turbation, apparently due to preearthquake distortion result- 
ing either from a progressive failure process in the earthquake 
source zone or from a process that subsequently produces the 
earthquake, or perhaps both, is most clearly seen on the San 
Juan Bautista record. Here less than 2 •trad of tilt was regis- 
tered for the aseismic period from July through mid-October. 
On October 22 the San Juan instrument rather suddenly began 
tilting at a rate averaging • ,urad per week and continued until 
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Fig. 1. Simplified fault map near Hollister, California, showing location of tilt sites, magnetometer sites, and epicenter 

of the Thanksgiving Day earthquake M,• = 5.2. Residual tilt vectors are plotted at the four operating tilt sites nearest the 
Thanksgiving Day earthquake epicenter. 

the instrument power failed 6 days before the earthquake. 
There were no obvious meteorological or other nontectonic 
effects that could have produced this tilting. 

A perturbation, although less convincing, can be identified 
starting about November 10 on the Aromas record. The Har- 
ris and Nutting records also show slight changes in trend on 
about November 8 and October 21, respectively. These per- 
turbations can be isolated by removing the general secular 
trends from the records. The residual N-S and E-W tilts, ac- 
cumulated from the time the chang/•s in trend were first identi- 
fied to the time of the earthquake, were combined to produce 
the maximum residual tilt vectors at each instrument site 

plotted in Figure 1. It [s interesting to note that the 5 months 
preceding the earthquake were unusually quiet seismically 
along the section of the San Andreas fault from Libby Ranch 
north, and yet there were h{gh tilt rates of as much as 3 
#rad/month at the Harris Ranch and Nutting Ranch sites, 
which are normally comparatively stable. 

The change in azimuth and amplitude of tilt can be plotted 
for each of the four sites of interest. However, an obvious 

probl'im with this type of plot is that for periods when the 
tilt rates are small, the azimuth is unstable, as it is at San Juan 
Bautista before October 22. 

Raw records from each operating tiltmeter installation on 
the day of the earthquake are shown in Figure 3. The slight 
inflections that appear a few hours before the earthquake on 
some of the records, such as those on the record from the Sage 
South instrument, are tides and/or diurnal thermoelastic ef- 
fects. After the arrival of the seismic wave some instruments 

were offset with respect to their preearthquake values. Table 1 
lists the amount of these offsets for the N-S and E-W tilt 

components at each instrument site. These offsets are plotted 
as vectors in Figure 4. The agreement between the Nutting, 
Tres Pinos, and Sage sites (all on the northwest side of the San 
Andreas fault) is evident. Offsets at stations on the southwest 
side of the San Andreas fault have no simple pattern. The 
magnitude of the offsets diminishes markedly south of the 
Sage Ranch site. Curiously, the offset was as large at the Sage 
site, 32 km south of the epicenter, as it was at the Nutting 
station, closest to the eartttquake. This may be partly due to 
strain amplification in the hill at the Sage site, or the amount 
of offset may depend on the static strain field at the site at the 
time of the earthquake, or the agreement may be coincidental 
and the offsets due to site response to the shaking, or all of the 
above may contribute. Coseismic slip on the San Andreas, 
reported by R. O. Burford (personal communication, 1975), 
extended from north of San Juan Bautista, where the creepme- 
ter recorded a 1.3-mm offset, to the Cienega Winery between 
the Harris and Libby tiltmeter sites, where a very small creep 
event (<0.1 ram) was observed. 

Another interesting aspect of the tilt records at the time of 
the first seismic wave arrival is an exponential-like recovery 
from an initial tilt offset. This can be seen most dramatically 
on the Nutting and Sage records in Figure 3. The decay is less 
obvious but still present in the other records. This apparently 
artelastic recovery has been previously observed at the times of 
many small to moderate local earthquakes but never for dis- 
tant earthquakes. In the Nutting instrument the 20-s low-pass 
filter had been switched off during the time before and after the 
earthquake, while in the Sage instrument the output low-pass 
filter was in operation. At all other stations whose records 
appear in Figure 3, the low-pass filter was in the 'off' position. 
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Fig. 3. Raw records at eight tilt sites at the time of the Thanksgiving Day earthquake. 
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TABLE I. Tilt Offsets at the Time of the November 28, 1974, Earthquake 

Station N-S, #rad E-W, #rad Decay Time, min Filter 

Mount Madonna 

Sargent 
Aromas 

San Juan Bautista 

Nutting 
Tres Pinos 
Harris 

Libby 
Sage South 
Stone Canyon 

4+0.07 9 9 Off 

0.0 +0.059 •13 Off 
. . , 

+0.97 +0.16 40 Off 
+0.78 +0.47 •16 Off 
-0.85 4-0.41 •15 Off 

• +0.09 • -0.08 • 17 Off 
+0.84 +0.059 40 On 

0.0 0.0 -• 0 Off 

served on the three other tiltmeters closest to the earthquake. 
These tilts would not be considered important were it not for 
their coincidence in time with the larger San Juan Bautista 
anomaly. 

The most important question concerning these and compan- 
ion magnetic and geodetic data is whether general physical 
implications regarding precursor models and fault behavior in 
this region can be developed. It is probably a unique circum- 
stance that these three low-frequency data sets were obtained 
so close to an earthquake of this magnitude. In this region 
also, the two main classes of earthquake precursor models, 
dilatancy fluid diffusion, and creep instability, have recently 
been tested [Stuart and Johnston, 1974]. The preliminary re- 
sults tended to support the creep instability process. For the 
tilt data reported here it is difficult also to fit the symmetric tilt 
field and the tilt time dependence suggested for the dilatancy 

precursor models such as those proposed by Nur [1974] and 
Kisslinger [ 1975]. 

The simplest and most obvious creep instability model in- 
volves precursive left-lateral slip in the region around the 
earthquake hypocenter. However, the moment required to 
generate the observed tilt amplitudes exceeds 10 •5 dyn cm, and 
the directions of tilt are generally opposite to those observed. 
Also, there are no apparent corresponding geodetic strain 
changes at this location [Savage et al., 1976]. 

A source much closer to the tiltmeters is necessary to explain 
the large tilt amplitudes, although this implies a complex fault 
interaction process where slip on different faults results in 
loading, sympathetic slip, and earthquakes on the Busch fault. 
It is possible that the large amplitudes are due to some un- 
known mechanical or site amplification effect. The best fit for a 
source on the San Andreas is obtained for right-lateral aseis- 
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Fig. 4. Vectors representing permanent tilt offsets at each tilt site at the time of the Thanksgiving Day earthquake. 
Table I gives component values of offsets, times required for instruments to settle to new tilt position, and status of the 20-s 
output filter. 
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mic slip approximately 5 km deep and about 3 km south of the 
San Juan Bautista tiltmeter. This is roughly coincident with 
the location of the source required to explain the magnetic 
anomaly data [Smith and Johnston, 1976]. The slip moment 
could be as low as 1tY 3 dyn cm, which is insufficient to be 
detected as a geodetic strain change. 

If the observed tilt signals do result from right-lateral aseis- 
mic slip on the San Andreas fault, which contributed in- 
crementally to the stress on the Busch fault but was not, in this 
case, directly related to the earthquake mechanism, such tilt 
signals might also be expected without an accompanying 
earthquake. The possibility that the tectonic evolution of this 
region is a consequence of interrelated fault behavior [John- 
stbn et al., 1975] is the subject of a different study. 

Tilt array data in this region are still relatively new, and it is 
fortunate that several other types of strain measurements are 
being made simultaneously. Confidence and expertise in the 
use and interpretation of these data will develop as the impli- 
cations and conclusions drawn are tested in other independent 
data sets. The November 28 earthquake was the largest in this 
region since 1972 and was coincident with the largest tilt and 
magnetic anomalies since the start of operation of the present 
arrays in mid-1973. It provided the first real opportunity for 
comparison of simultaneous observations; techniques; and 
ideas related to the prediction of earthquakes in this region. 
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